Experimental multilayer reflectance data on flight mirrors and witnesses for three extreme ultraviolet (EUV) channels of the Atmospheric Imaging Assembly (AIA) instrument aboard NASA's Solar Dynamics Observatory are presented and compared to theoretical models. The relevance of these results to the performance of the AIA instrument is discussed.
INTRODUCTION
Launched on February 11, 2010 , the Atmospheric Imaging Assembly (AIA) instrument 1,2 aboard NASA's Solar Dynamics Observatory (SDO) 3 is currently the most advanced solar mission in orbit, providing spectacular views of the solar corona ( Fig. 1 ) by taking images that span 1.3 solar diameters at seven narrowband extreme ultraviolet (EUV) wavelength channels (centered at 93.9, 131.0, 171.1, 193.5, 211.3, 303.8 and 335.4 Å) and three ultraviolet (UV)/visible channels. The AIA instrument has a resolution of about 1 arcsecond, field of view of 41 arcminutes and a cadence of 10-12 seconds and is observing the Sun 24 hours/day without interruption. The unique combination of spatial and temporal resolution, field of view and number of wavelengths of the AIA instrument are leading to unprecedented insights into the solar processes. New discoveries have already emerged based on AIA observations, such as the existence of "sympathetic flares" and the detection of quasi-periodic, high-speed solar waves. AIA is also providing clues towards solving the most intriguing enigma in modern solar physics: the origins and mechanisms of coronal heating. AIA aims in studying and elucidating the Sun's extremely complex and dynamic magnetic field, its plasma and related phenomena. The ultimate goal is to develop robust modeling and predictive capabilities of solar activity, including extreme events (such as flares and coronal mass ejections) which, when directed towards Earth, can disrupt satellite communications, electricity grids and may pose threats to aviation and astronaut safety. The AIA instrument was designed and built at the Lockheed Martin Solar and Astrophysics Laboratory (LMSAL), part of Lockheed Martin Space Systems Company, Advanced Technology Center in Palo Alto, California. The AIA telescope assemblies were built at the Smithsonian Astrophysical Observatory under contract from Lockheed Martin.
The AIA is composed of four generalized Cassegrain telescopes, each including a primary-secondary pair of mirrors operating at near-normal angles of incidence. Each telescope images at two different wavelengths, accomplished by two different reflective EUV multilayer coatings, each deposited on half of the area of each mirror. As is shown in Fig. 2 , the wavelength pairs assigned to each telescope are: 131.0 / 335.4 Å, (telescope 1), 211.3 / 193.5 Å (telescope 2), UV / 171.1 Å (telescope 3), and 303.8 / 93.9 Å (telescope 4). The EUV wavelengths were selected in order to observe the solar corona at specific temperatures corresponding to Fe and He (303.8 Å) ion emission lines 1 , as shown in Table 1 and Fig.  1 . The pairing of wavelengths in each telescope is such that either a Zr or an Al filter is sufficient for selection of one of the EUV wavelengths in the pair and suppression of the other, with the exception of the 193/211 Å telescope where both wavelengths fall under the Al filter transmission range: in this case a hardware shutter is used as wavelength selector, as is illustrated in Fig 2. The development of multilayer coatings for each of the seven EUV channels for AIA has been discussed in detail in an earlier publication 4 . Ultimately, Mo/Y was selected for the 93.9 Å channel, Mo/Si was selected for the 131.0, 171.1, 193.5 and 211.3 Å channels, and SiC/Si was selected for the 303.8 and 335.4 Å channels. Initially, Mg/SiC (with a unique combination of superior properties including near-zero stress, good spectral selectivity and higher reflectance compared to SiC/Si) had been selected for the 303.8 and 335.4 Å channels 4 . However, the issue of Mginduced corrosion led to the rejection of Mg/SiC and to its substitution with SiC/Si on the AIA flight mirrors. Recently, corrosion-resistant, high-reflectance Mg/SiC multilayers for the 250 -800 Å wavelength range have been developed and could enable use of Mg/SiC as multilayer mirror coating in future EUV solar missions and in other EUV applications 5, 6, 7, 8 .
Detailed quantitative analysis of data transmitted by the AIA instrument requires precise knowledge of the instrument response as a function of wavelength. Inaccuracies in the calibration can significantly complicate the interpretation of the observations. For example, if the calibration measurements underestimate the instrument's response to a particular emission line formed in the solar atmosphere at very low temperatures, then the emission from this "cool" line may be attributed to "hotter" material, leading to incorrect conclusions about the physical processes that govern the solar corona. The in-band EUV reflectance (1 st order Bragg peak) was mapped across the clear aperture of each AIA flight mirror as part of the calibration of the AIA instrument and the results are discussed in Section 3. For a given wavelength channel, out-of-band photons which are reflected by the multilayer mirrors and are not suppressed by the transmission filters aboard the AIA instrument, will reach the detectors and may introduce errors in the data analysis. Therefore, measurements of the instrument's sensitivity to out-of-band radiation for each channel are essential for improving the diagnostic capability of the AIA instrument. Measurements of the out-of-band multilayer reflectance in the wavelength range from 40 -900 Å were recently obtained on AIA multilayer flight witness samples and are discussed in Section 4. Wavelengths longer than 900 Å were not measured since the Al filters aboard the AIA instrument 2 become strongly absorptive, thus preventing > 900 Å photons from reaching the AIA flight mirrors. Results from three AIA channels (93.9, 171.1 and 335.4 Å) are discussed in this manuscript, representative of the three multilayer material pairs (Mo/Y, Mo/Si, SiC/Si) aboard AIA. The complete set of measurements for all seven AIA wavelengths will be presented in an upcoming publication. 
EXPERIMENTAL FACILITIES
The AIA flight multilayer mirrors and witnesses were coated in two deposition facilities, at Lawrence Livermore National Laboratory (LLNL) and at Reflective X-ray Optics (RXO). Regarding the three AIA multilayer channels that are discussed in this manuscript, the 171.1 Å (Mo/Si) coatings were deposited at LLNL and the 93.9 (Mo/Y) and 335.4 Å (SiC/Si) coatings were deposited at RXO. The LLNL deposition system is a planar DC-magnetron sputtering system with a "sputter down" geometry which has been described in detail earlier 9 . An algorithm based on modulation of the rotational velocity of the deposition platter is used to control the coating thickness and to achieve the required coating thickness uniformity. Each sputtering source (cathode) has dimensions 12.7 × 55.9 cm 2 . The Mo and Si sources were operated at a constant power of 800 W and 2000 W, respectively. Base pressure was maintained at 2×10 -8 to 3×10 -8 Torr and the Ar process gas pressure was 1 mTorr. The multilayer coatings deposited at RXO were produced using a deposition system that has been described previously 10 . In this system 50-cm-long planar cathodes are used. The spinning mirror substrate faces down and the magnetron cathodes sputter up. The individual layer thicknesses are determined by controlling the rotational velocity of the substrate as it passes over each cathode. For the coatings discussed here, the base pressure in the RXO chamber was less than 2 x 10 -7 Torr, the Ar process gas pressure was maintained at 1.6 mTorr, and the cathodes were operated in constant power mode: SiC and Si were deposited at 400 W, Mo at 200 W and Y at 200 W. EUV reflectance measurements in the wavelength range 40-500 Å were performed at beamline 6.3.2. of the Advanced Light Source (ALS) synchrotron at Lawrence Berkeley National Laboratory. The general characteristics of the beamline have been described in detail earlier 11, 12 . The sample chamber allows translation of the sample in three dimensions, tilt in two dimensions and azimuth rotation of the sample holder. The available detectors include a variety of photodiodes and a CCD camera (the latter for sample alignment), which can be rotated 360° around the axis of the chamber. For the EUV reflectance measurements discussed in this manuscript, three gratings (80, 200 and 600 lines/mm) were used in the monochromator. The monochromator exit slit was set to a width of 40 µm. Wavelength calibration was based on the L 2,3 absorption edges of Al, Si and Ti transmission filters with a relative accuracy of 0.011% rms, and could be determined with 0.007% repeatability. During the measurements, 2 nd harmonic and stray light suppression was achieved with a series of transmission filters (Mg, Al, Si, B, C). For higher-order harmonic suppression, an "order suppressor" consisting of three mirrors at a variable grazing incidence angle (depending on wavelength range) and based on the principle of total external reflection was used in addition to the filters. The ALS storage ring current was used to normalize the signal against the storage ring current decay. For the in-band reflectance measurements on AIA flight mirrors, the signal was collected on a Si photodiode detector with 2.4° angular acceptance. For the in-band and out-of-band reflectance measurements on AIA flight witness samples in the 40-500 Å wavelength range, the signal was collected on a GaAsP photodiode detector, with 1° angular acceptance. All wavelength values were obtained within "2σ" error bars of 0.05%. Reflectance was measured with ±0.2% to ±1% relative accuracy, determined by photodiode uniformity in each wavelength range. The vacuum pressure in the measurement chamber was in the range 2×10 -6 -10 -7 Torr. Out-of-band reflectance measurements on AIA flight witness samples in the 487-895 Å wavelength range were performed at the Grupo de Óptica de Laminas Delgadas (GOLD) facility at Instituto de Óptica. The reflectometer consists of a lamp and a grazing incidence toroidal-grating monochromator. The reflectometer covers the 125-2000 Å wavelength range. The monochromator has two Pt-coated diffraction gratings, 250 and 950 lines/mm. The entrance-exit arms are 146º apart. A windowless discharge lamp is used to generate many spectral lines that cover the range longer than ~400 Å. The lamp is fed with various pure gases such as Ar, He or CO 2, or gas mixtures consisting of various noble gases, along with N 2 or H 2 . In most cases, radiation corresponds to a pure spectral line (with a low background) since the next spectral line is rejected with the spectral resolution of the monochromator. The beam divergence was ~5 mrad and angle accuracy is estimated as ±0.1º. Samples up to 50.8 × 50.8 mm 2 size can be loaded in the sample holder, from which a rectangle of 50.8 × 25 mm 2 can be scanned. The detector is a channel electron multiplier with a CsI-coated photocathode. Reflectance was obtained by the successive measurement of the incident intensity and the intensity reflected by the sample. Reflectance accuracy is estimated as ±1%.
IN-BAND REFLECTANCE CALIBRATIONS OF AIA FLIGHT MIRRORS
The AIA flight mirror substrates are made of Zerodur TM material (see Fig. 3 ) and were figured and polished independently by two different optics vendors: Sagem Corporation (France) and L-3 Communications-Tinsley Laboratories (Richmond, California). For the flight mirrors that will be discussed in this manuscript, the primary flight substrates coated with the 93.9, 171.1, and 335.4 Å multilayer coatings and the secondary flight substrates coated with the 171.1 Å and 335.4 Å multilayer coatings were fabricated by Sagem Corporation. The secondary flight substrate coated with the 93.9 Å multilayer coating was fabricated by L-3 Communications-Tinsley Laboratories. The high spatial frequency roughness (HSFR) of the mirror substrates, which can significantly affect the EUV reflective performance of the multilayer-coated mirrors, was measured by Atomic Force Microscopy at LLNL and the results are discussed in Ref. 13 . Prior to multilayer coating, the flight substrates were cleaned at LLNL with a process customized for ultra-smooth mirror substrates. This process has been shown to remove polishing residue and contamination from the top surface which, if left untreated, could adversely affect and even cause delamination of the subsequently deposited multilayer reflective coating. The cleaning process does not degrade the surface finish 13 . The prescription for the AIA primary and secondary flight mirror surfaces is given by:
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where z is the surface height, r is the radial position defined from the optical axis of each mirror, R is the radius of curvature and K is the conic constant. Table 2 summarizes the values of R and K, as well as the mirror and clear aperture radii and incidence angles for the AIA mirrors. A 66.5 mm-diameter opening exists at the center of the primary substrates, for ray clearance. As is shown in Table 2 , the angles of incidence for both mirrors are close to the normal direction (90°) and vary only slightly across the clear aperture. Therefore, uniform multilayer coatings were prescribed for both primary and secondary mirrors of the AIA instrument. The EUV reflectance was measured vs. wavelength on 78 locations across the surface of each multilayer-coated flight mirror. Fig. 4 shows a schematic diagram of the optic orientation and axes during the measurements. On the primary mirror, 6 radii r = 45, 60, 75, 90, 92, 94 mm were measured at 13 azimuth angles ϕ = ± 90°, ± 85°, ±80°, ±75°, ±60°, ±30°, 0°. It should be noted that r = 45, 94 mm are at the edge of the clear aperture of the primary mirror. Furthermore, due to the specified "dead strip" width of 3.05 mm across the center of the primary mirror, ϕ = ± 90° is outside the clear aperture for all radii. On the secondary mirror, 6 radii r = 9, 12, 20, 30, 32, 34 mm were measured at 13 azimuth angles ϕ = ± 90°, ± 85°, ±80°, ±75°, ±60°, ±30°, 0°. It should be noted that r = 9, 34 mm are at the edge of the clear aperture and, due to the specified "dead strip" width of 1 mm across the center of the secondary mirror, ϕ = ± 90° is outside the clear aperture for all radii and ϕ = ± 85° is outside the clear aperture for r = 9 mm. The measurement angle for all flight mirrors was set at angle θ meas = 87 º (from the grazing direction) and was later translated to the actual AIA angles of incidence, shown in Table 1 . Geometrical constraints inside the reflectometer prevented measurements at the actual AIA angles of incidence.
The multilayer wavelength (or thickness) uniformity specification for each AIA flight mirror was as follows: peak wavelength should remain within ± (0.3 × FWHM) of the goal wavelength for a given AIA channel, in 80% of the clear aperture (defined in Table 2 for each mirror), where FWHM is the full-width-half-maximum of the multilayer EUV reflectance curve. In addition to the challenge of achieving the aforementioned multilayer thickness uniformity on a curved mirror surface, the D-shaped hardware "mask" that had to be placed on each mirror (to protect half of the mirror while the other half was being coated), combined with the hardware coating fixtures that hold the optic during deposition, posed an additional challenge: hardware parts located in the vicinity of the surface that is being coated, cause sputtered species directed towards the substrate to be scattered in different directions, resulting in multilayer thin film coatings with unwanted thickness variations and reduced peak reflectance in those areas. This phenomenon is known as "shadowing" and required special considerations in the fabrication of the hardware mask and coating fixtures, in order to minimize these detrimental effects. Multilayer reflectance has also a pronounced dependence on substrate HSFR at EUV wavelengths. Based on the range of HSFR values of the AIA flight substrates and on the brightness of each solar emission line to be imaged by AIA, a "goal" for the peak reflectance of the flight mirrors was set for each AIA channel. The goal for the AIA flight mirror peak reflectance was > 20% at 93.9 Å, > 35% at 171.1 Å and > 10% at 335.4 Å, in > 80% of the clear aperture. A specification for the peak multilayer reflectance assuming nearly-ideal substrates was also set for each AIA channel, as will be discussed in Section 4.
Figs. 5, 6, and 7, show the measured EUV reflectance results for the 93.9, 171.1 and 335.4 Å multilayer-coated flight mirror pairs of the AIA instrument. The flight mirrors comply with the AIA peak wavelength uniformity and peak reflectance specifications discussed in the previous paragraph. These measurements were combined using an areaweighted average to produce a single composite reflectivity function for each mirror that was used in the initial calibration of the AIA instrument 2 . Table 2 : The geometrical parameters of the AIA flight mirrors discussed in this manuscript are shown. The "dead strip" is an area (defined from the center line of each mirror), which is allowed to remain uncoated or partially coated. Any coating located within the "dead strip" does not have to comply with the AIA multilayer specifications. Angles of incidence are defined from the grazing direction. Optical design by W. A. Podgorski (Smithsonian Astrophysical Observatory). Multilayer-coated segment being measured ϕ ϕ ϕ ϕ = -90°ϕ ϕ ϕ ϕ = 90°r 
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IN-BAND AND OUT-OF-BAND REFLECTANCE CALIBRATIONS OF AIA FLIGHT WITNESS SAMPLES
To allow for long-term monitoring of the lifetime properties of the AIA flight multilayer coatings, flight "witness" multilayer coatings were deposited during each flight deposition run on ~ 525 µm thick Si (100) wafer substrates with HSFR < 1 Å rms. Some of the witnesses were stored in special containers with the AIA flight mirrors until the mirrors were installed in the AIA instrument aboard SDO. Other flight witness pieces, with dimensions around 20×20 mm 2 , were stored in laboratory environment (air). The in-band and out-of-band reflectance of the AIA flight witnesses stored in air was measured in the 40-500 Å wavelength range at beamline 6.3.2. of the ALS, 3-4 years after deposition. The out-ofband reflectance of the same AIA flight witnesses was also measured in the 487-895 Å wavelength range at the GOLD facility, 5-6 years after deposition. ALS measurements were performed at 87° incidence angle to match the measurement angle of the AIA flight mirrors, while GOLD measurements were performed at 85°. The difference in measured multilayer reflectance between these two near-normal incidence angles is expected to be negligible. The reflectance measurement results for the 93.9, 171.1 and 335.4 Å AIA channels are plotted in Figs. 8, 9 , and 10. The results demonstrate excellent agreement in overlapping wavelength ranges between the ALS and GOLD facilities. It is also demonstrated that the out-of-band reflectance of all three AIA multilayers is significant (10% or higher) at the longer wavelengths approaching 900 Å. A model for the measured reflectance was also constructed for each of the Mo/Y, Mo/Si and SiC/Si multilayer coatings, using the IMD program 14 and a compilation of experimental optical constants (refractive index) values. More specifically, for the interior Mo layers in the Mo/Y and Mo/Si multilayer models, the optical constants compilation from the 1993 Atomic Tables  15 was combined with more recent experimental  Mo data The agreement between the model and measured reflectance is excellent for the in-band (1 st Bragg) order of all three multilayers shown in Figs. 8, 9 and 10. Some discrepancies exist between models and measured data in the out-of-band wavelength regions of all three samples, especially towards the longer wavelengths. This could be due to imperfections in the multilayer models, especially since the longer wavelengths are reflected by the topmost layers in the multilayer, which include the capping layer and possible oxides and hydrocarbon layers that may have formed on the surface of the aged samples. The exact structure of these top layers is challenging to predict and to model and may thus be partially responsible for the discrepancies. It should be noted that the effect of any oxides in the reflectance of the multilayers is especially pronounced at the longer wavelengths. Another reason for the discrepancies could be the lack of accurate experimental optical constants of materials in the longer wavelength regions. The in-band reflectance of AIA flight witness samples was also measured at beamline 6.3.2. of the ALS shortly after deposition, at the same time as the AIA flight mirrors were measured. A comparison of these measurements with the measurements on aged flight witness samples presented in this Section, will be given in a future publication. 
SUMMARY
The in-band and out-of-band calibration of flight mirrors and witnesses for three wavelength channels of the AIA instrument aboard SDO is presented in this manuscript. It is shown that the AIA multilayer mirrors meet all specifications. The in-band results of the AIA flight mirror calibrations have been included in the initial photometric calibration of the AIA instrument. The in-band and out-of-band measurements in the 40-900 Å wavelength region, obtained on aged AIA flight witness samples, will be included in future photometric calibrations of the AIA instrument. This is the first time that in-band and out-of-band EUV reflectance measurements and models for Mo/Y, Mo/Si and SiC/Si multilayers are reported in such an extended wavelength range. These results are expected to further improve the understanding of the AIA instrument response and the corresponding interpretation of data from the AIA instrument.
